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Hydration, Setting and Hardening of Portland 


Cement. 
By W. WATSON, B.Sc., and Q. L. CRADDOCK, M.Sc. 


ALTHOUGH agreement has not been reached as to the compounds occurring in 
Portland cement, it is known that they consist of a combination of weak acidic 
oxides with a relatively strong base. Under the influence of water such com- 
pounds would be expected to undergo hydrolysis. This, being a chemical process, 
will follow the mass action law and be dependent upon the concentration of the 
reacting substances, 7.e., the composition of the cement and the amount of water 
used. Although the composition of good quality Portland cement falls within 
fairly narrow limits, the amount of water used in its application is by no means so 
strictly defined. It is generally found that the best concretes are obtained when 
the amount of gauging water is kept as low as possible consistent with worka- 
bility. For this reason, it seems that the study of the chemical and physical pro- 
cesses involved during setting and hardening should be carried out on mortars 
made with restricted amounts of water. In spite of this, however, a considerable 
amount of work has been done by the method of mixing a small amount of cement 
with a large volume of water. Valuable information as to the nature of the ulti- 
mate hydrolysis and hydration of the constituents of Portland cement has been 
obtained by this method, but it appears unjustifiable to assume that these physical 
and chemical reactions will also occur in the practical application of cement. 
Muth! has shown that in all researches on the hydration of Portland cement the 
results obtained depend on the percentage of water used. A large excess of water, 
as is used when cement is examined on a slide under the microscope, results in a 
great deal of crystallisation; the larger the amount of water used the more 
crystallisation occurs. Restricted amounts of water result in very little crystalli- 
sation in the early stages. Klein and Phillips? found that the proportion of gel to 
crystal formation depends on the proportion of water, the rate of reaction, and the 
time elapsing since the addition of water. Specimens of calcium aluminate 
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treated with water on a microscope slide begin to develop crystals within a very 
short time, while specimens moulded with 40 per cent. water are very slightly 
hydrated after 24 hours, the material being amorphous with no sign of crystallisa- 
tion. In 1931 Kiihl’* criticised the use of the microscopic method employing 
excess water as being unrelated to practical conditions, and showed that the 
changes which occur are entirely dependent upon the amount of water employed. 
The work of Ambronn*5, Kiesermann*?, Blumenthal®*, and others, using the 
microscopic method, will be referred to later in connection with the chemical 
nature of setting and hardening. Hauenschild* showed that the rate of hydration 
was dependent upon three factors, namely, (1) Size of particles—the rate of 
hydration increased with increased surface area of smaller size particles ; particles 
having an average diameter less than 18 microns hydrate completely, all the 
clinker minerals being altered. (2) Chemical composition of the clinker; alite 
crystals hydrate appreciably more rapidly than the other clinker minerals. (3) 
Physical properties of the clinker ; a single crystal, say of diameter 15 microns, 
hydrates much more rapidly than a grain of equal size composed of various 
clinker minerals. 

Kersch* gave tabulated tests of cement specimens normally hardened up to 
56 days and tests on the same specimens reground and remixed with water. The 
results indicate that hardening is only asurface action on the cement grains and 
that by regrinding fresh unhydrated surfaces are exposed which may again react 
with water. Anderegg and Hubel® measured the speed and depth of hydration 
of Portland cement clinker. Grains of measured size were treated with water under 
definite conditions, then rapidly dried and ground, and the proportion of hydrated 
to unhydrated material determined by changes in the refractive index. They 
found that on storing in water at 32 deg. C. for 24 hours, the thickness of the 
hydrated layer was 0.5y, at 7 days 1.7, at 28 days 3.54, and at go days 54 when 
gypsum was present. These figures are very different from those given by Hauen- 
schild’, since from Anderegg and Hubel’s figures it would appear to take an 
indefinite period completely to hydrate particles of 184. Anderegg and Hubel 
found that in the absence of gypsum the hydration was increased. In contrast 
to gypsum, calcium chloride exerts no influence. Raising or lowering the tempera- 
ture accelerates or retards the hydration. 

Turning to the physical changes which occur during the hydration and harden- 
ing of Portland cement, two main theories have been put forward : (1) the crystal- 
lisation theory, and (2) the colloidal theory. A number of authors have also 
expressed the view that the hardening of Portland cement results from a combina- 
tion of both crystal and colloid formation. 

The crystallisation theory originated with Le Chatelier® in 1887. He con- 
sidered that the setting of Portland cement followed lines similar to that of the 
setting of plaster of Paris. Lavoisier in 1765 showed that the setting of plaster is 
essentially a process of recombination with water lost during burning. He stated 
that rapid and irregular crystallisation occurs and that the small crystals which 
are formed are so entangled with each other that a very hard mass results. Le 
Chatelier showed that the mere felting together of rigid crystals was inadequate 
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to explain the hardening observed. His experiments led him to believe that 
the setting of plaster is due to the hemihydrate 2CaSO,.H,O readily dissolving in 
water and forming an unstable solution which is supersaturated with respect 
to the dihydrate CaSO,.2H,O. Landrin suggested that supersaturation was 
brought about by evaporation, but Le Chatelier showed that evaporation could 
have practically no influence since the set took place in a sealed container. He 
concluded that the supersaturation resulted from the marked difference in the 
solubilities of the hydrated and unhydrated or partially hydrated salts. He 
arrived at this conclusion as a result of the work of Marignac’, who found that 
by agitating plaster with water and filtering the liquid at the end of five minutes 
a solution about five times as concentrated as a saturated solution of CaSO,.2H,O 
was obtained, but that this soon became turbid and deposited crystals of the 
dihydrate. In the ordinary setting of plaster the quantity of water is so small 
as to be capable of dissolving only a minute fraction of the plaster ; it is, however 
sufficient to form a layer of supersaturated solution around the particles, 
and when this deposits its excess of gypsum the remaining water is available for 
the solution of a further quantity of plaster. Crystallisation of the stable di- 
hydrate from the supersaturated solution is quickly induced by the undissolved 
solid nuclei present. Thus eventually all the partially hydrated material will 
have passed through the solution phase into the crystalline hydrate. 


Cloez® seems to question this saturation theory for the following reasons : 
(1) The heat evolved during the setting appears at two different stages—an 
initial rise in temperature on mixing plaster with water, followed by a stationary 
period after which a further rise in temperature occurs. (2) 2CaSO,.H,O has 
a density of 2.75 and CaSO,.2H,0 a density of 2.32 ; calculation shows that the 
latter compound is formed with 7 per cent. contraction, whilst in setting plaster 
expansion is observed. In discussing the latter point Davis® pointed out that 
part at least of the expansion is only apparent and is due to the thrusting apart 
of the growing crystals, producing a porous mass. This effect is common in the 
growth of crystals from a supersaturated solution and its existence is seen in the 
familiar porosity of a mass of hardened plaster. He also concluded that the 
crystals of CaSO,4.2H,O which first separate are not identical with gypsum, but 
consist of a second rhombic modification which subsequently passes into the 
stable form. 


The rate of set would be determined by the degree of supersaturation attained 
according to the Le Chatelier theory, and this to a large extent is dependent 
upon the difference in solubility of the two phases. Hence the more soluble 
salts will go into solution more rapidly and the set will be accelerated. Le 
Chatelier showed that 2CaSO,.H,O is more soluble than the calcium aluminates, 
and these in turn are more soluble than the calcium silicates. Consequently the 
set will be most rapid with plaster and slowest with the calcium silicates. It 
follows also that the introduction into the solution of material which changes 
the solubility, will change, in the same direction, the degree of supersaturation 
attained and hence the rate of set. 
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Le Chatelier was of the opinion that the final strength of the set mass will 
depend upon the cohesion of the crystals and upon their mutual adhesion. The 
latter property is found with a number of conditions such as the surface exposed, 
the distribution of voids, etc. Costa!® is also inclined to this theory of crystal 
bonding. He found that Portland cement cured in water has the same structure 
as that obtained by dry curing, except that the crystals of alite and zeolite are 
more uniform and somewhat larger. The zeolite crystals are oriented radially 
around crystals of alite and are united by iron silicate ; double refraction is also 
more marked in water-cured specimens. Water-cured specimens of rapid-hardening 
Portland cement contain a large proportion of zeolite and relatively large and 
well-formed crystals of alite. The strength of such a cement is governed mainly 
by the orientation of the individual crystals, especially those of alite. 


Le Chatelier considered that Portland cement consisted essentially of 
3CaO.Al,0, and 3CaO.SiO,. The tricalcium aluminate hydrates rapidly to 
3CaO.Al1,03.12H,0 and so was held to be responsible for the set. The real harden- 
ing was held to be occasioned almost exclusively by the slow and progressive 
hydration of the calcium silicate. Le Chatelier considered that the fundamental 
reaction which brings about hardening is the splitting up of this tricalcium sili- 
cate in the following manner : 

3Ca0.Si0,+aq=Ca0.Si0,.2.5H,0+2Ca(OH),. 

He regarded the aluminate and silicate as dissolving in water, first integrally, 
producing an unstable solution which becomes saturated in the neighbourhood 
of the solid. Hydrolysis then takes place and crystallisation occurs with the 
formation of hydrated calcium aluminate, microscopic crystals of hydrated cal- 
cium silicate, and large hexagonal plates of hydrated lime. 


Michaelis" failed to obtain crystalline hydrated calcium silicate upon gauging 
cement with water, although he agreed that a supersaturated solution of various 
salts is produced. This solution contains calcium sulphate, calcium aluminate, 
hydrated lime, and a small amount of calcium ferrite, and crystallisation in needle 
clusters from various centres occurs. He states that alite crystals hydrolyse on 
treatment with water to give an insoluble hydrated silicate low in lime together 
with hydrated lime and hydrated calcium aluminate. These last two go into 
solution, but no silica goes into solution because ‘it is absolutely insoluble in 
lime solutions.’”’ Hence it always appears as amorphous colloidal matter. It 
was therefore established according to Michaelis, that the hydrated silicates of 
hydraulic cement are never crystalline. He thus considered that the physical 
changes which occur when cement is gauged with limited amounts of water are 
as follows : 

(x) The water immediately produces an excessively oversaturated solution of 
various salts. 


(2) Crystallisation in needle clusters radiating from various centres then occurs 
and hydrated calcium aluminate slowly forms as minute hexagonal plates. This 
is as far as the process of crystallisation goes, and up to this point it is identical 
with the setting and hardening of plaster. The absolute proof that this is not the 
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hardening process proper, he said, is to be found in the observation that the 
silica never takes part in this process of crystallisation. 

(3) After the decomposing and dissolving influence of the water has lasted for 
some time, resulting in the above-mentioned process, a point is reached at which 
the oversaturated solution surrounding the cement grains suddenly coagulates. 
This is the point of time when the water disappears from the surface of the pat, 
leaving a dull surface; 7.e. when setting has been completed. The low-limed 
silicate hydrogel gradually dries out, the water being soaked up by the interior of 
the grains in hydrating, and the hydrogel becomes denser until it is impermeable 
to water. This withdrawing of water by “ internal suction ”’ is used as the basis 
of the argument to explain hardening under water. When hardening in air the 
evaporation of the water contributes to the hardening of the gel, but also causes 
shrinkage cracks. The crystals of calcium sulphate and aluminate become em- 
bedded in the colloidal mass, which acts as a glue, both towards these crystals 
and to the grains of sand or other added aggregate. Although the colloidal 
silicate formed originally is low in lime, in time more calcium hydroxide is taken 
up by adsorption and this process also tends to make the hydrogel more dense and 
solid. Michaelis attributed the later hardening to the continued crystallisation 
of Ca(OH), and calcium aluminate within the colloid mass. At the same time, 
however, the growth of these crystals leads to cracking of the hardened colloid 
and thus tends to lessen the durability of a cement mortar. Thus Michaelis did 
not regard this crystallisation as being an essential part of the hardening process, 
and furthermore he considered that the permanent state for all hydraulic cements 
is only reached when all the lime has been changed to carbonate and all anions 
to hydroxide. 

Nacken ! experimentally demonstrated three stages in setting: (1) An 
initial strong reaction accompanied by the formation of large quantities of Ca(OH). 
from the decomposition of highly basic silicates ; (2) A period of quiescence ; and 
(3) A reaction of a collodial nature. He has also shown } that a cement gauged 
with 23 per cent. water contained 20.6 per cent. after one year and that only 2 per 
cent of this water is lost at 110 deg. C. after this stage, red heat being necessary to 
remove all the water. Rohland ™ was also of the opinion that setting is caused by 
the coagulation of colloidal matter, which is not a stoichiometric compound but an 
aggregate of variable composition. He demonstrated the presence of colloidal 
matter by the adsorption of colouring materials such as aniline dyes. 

Phillips!® and Klein? came to the conclusion that up to 24 hours after gauging, 
which period includes both initial and final set, there is no crystallisation but only 
the formation of amorphous material. They stated that the rate of dispersion to 
the gel state is influenced by (1) previous exposure of the cement to atmosphere 
and storage conditions ; (2) heat developed during hydration ; (3) adsorption of 
positive ions and the amount of dissolution of the salts furnishing these ions. The 
rate of coagulation of the gel is influenced by (1) the extent of its dispersion ; (2) 
its syneresis; (3) neutralisation of the previously adsorbed positive ions; (4) 
adsorption of the undissolved salt ; and (5) when plaster is added, by the fineness 
and time of set of the plaster. 

o 
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Kiihl’* failed to find in thin sections of set cement the plates and needles that 
can be readily observed. in cement mixed with a large excess of water; only very 
exceptionally an isolated plate crystal of Ca(OH), was observed. The only 
crystalline product of hydration which he definitely accepted as existing in fresh 
cement mortar is calcium sulphoaluminate. Crystal formation is only found in 
old specimens of hardened mortar. Kiihl thus adopted the gel theory of Michaelis. 
On the completion of hydration there remains a certain quantity of free Ca(OH), 
present in the hardened cement, part at least of which first separates in amor- 
phous or colloidal form since the polarising microscope. reveals no evidence of 
crystal structure in the freshly set mortar. 

According to Colony 17 a reaction subsequently takes place between the 
gelatinous material first formed and the remaining constituents of the cement, 
and a secondary amorphous product is formed the dissolution of which is the cause 
of hardening. At a later stage crystals of Ca(OH),, calcite, and zeolite make their 
appearance. 

The main mechanical properties of a gel material which distinguish it from a 
crystalline aggregation are that the volume changes when the moisture content 
changes and that this change in volume is accompanied by a variation in strength 
and an alteration in the value of the stress/strain ratio. From this point of view 
set cement has a gel structure. Le Chatelier* and later Kiihl*? showed that there 
is an absolute decrease in volume of the wet paste during the hardening process. 
Kiihl demonstrated that a wet paste made of 250 gr. cement and 200 cc. water, 
when placed in a graduated flask and filled to the mark with water, showed a 
shrinkage of 5cc at 24 hours, 10.6cc. at 7 days and 13.6cc. at 28 days. All cements 
showed this contraction, which continued up to the time when expansion of the 
cement in the flask cracked the glass. 

Quantitative measurements of the slow expansion of cement while it lay in 
water were first made by Bauschinger in 1879 and it is now well established that 
bars of wet cement expand during the first year of immersion in water and then 
reach a steady state with an elongation of from 0.10 to 0.15 per cent. It was also 
shown that if the bars were kept continuously in air after removal from the moulds 
they showed a shrinkage for several months but ultimately reached a fairly steady 
state with a decrease in length of from 0.24 to 0.39 per cent. White!® showed 
that cement bars which have reached a steady state in either water or air changed 
their length with the humidity conditions. The slow expansion in water is followed 
by a gradual contraction if the bar is placed in air, on reimmersion in water ex- 
pansion results, and this cycle of changing length has been repeated with each 
change in environment for a period of twenty years. The obvious explanation is 
that the colloidal gel maintains its reversibility at atmospheric temperature for a 
long time. The alterations in length not only continue without diminution but 
increase in amplitude with successive swings. This is clearly due to the incom- 
plete hydration of the particles of cement. Water continues to act on the ground 
clinker until the gel becomes so packed that no more water can force its way through. 
The cement or concrete will retain this condition unchanged so long as it is im- 
mersed in water. If the water is removed by evaporation, the dehydrated gel 
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shrinks and the mass becomes porous. When it is again immersed in water capil- 
lary action carries the water rapidly through the shrunken colloid to the incom- 
pletely hydrated particles, with the result that additional hydration products are 
formed with consequent increase in length over anything attained previously. 
On the first reimmersion in water at the end of the third year, White found the 
expansion to be about 0.15 per cent., but immersion after seventeen years showed 
an expansion of 0.27 per cent. He also showed that mortar bars do not show such 
marked contraction as neat cement bars on account of the aggregate interlocking. 
This has also been observed by Rudeloff!® and Nitsche®®. The latter found that 
natural rocks, such as quartz and sandstone, also showed swelling and contrac- 
tion when wetted and dried, and so volume changes of the aggregate must also 
play an important part in the changes occurring in concrete. In the case of sand- 
stone, the volume changes were found to be greater the denser the sandstone. 

We have found so far two points of view on the nature of the hardening pro- 
cess, (I) the crystallisation theory propounded by Le Chatelier, and (2) the colloidal 
theory due to Michaelis. Le Chatelier defended his theory by reminding us that 
the only singular properties possessed by colloids are insolubility and fineness, 
both of which properties must necessarily go together. He pointed out that even 
in the case of set plasters no crystal development is shown under the highest 
power of the microscope, but this does not prove that no crystals are formed. 
After a number of weeks crystals may appear. Calcium aluminate behaves in 
the same way. In the case of calcium silicate no crystals appear after many years, 
but Le Chatelier insisted that numerous analogies prevent us from denying their 
existence simply because we cannot observe them under the microscope. The 
greater insolubility of calcium silicate is given as the cause of the greater fineness. 
He concluded that it is not impossible that initially the dimensions of these 
crystals are of colloidal order, but in the course of time they must increase con- 
siderably as in all similar cases. 

Von Weimarn?! attempted to show that the passage from a colloidal to a 
crystalline condition is continuous and that the difference consists only in a 
difference in size of particle. Desch?* considered that this view may be accepted 
in the sense of considering the colloidal materials as being in a fine state of divi- 
sion so that the surface forces are comparable in their effect with those which de- 
pend on mass. Desch stated that it is then not difficult to understand that the 
degree of supersaturation of the solution may determine whether the product shall 
have a definite crystalline form or shall be, in the ordinary sense, amorphous. 
Maeda** has further elaborated this point, and concludes that the strength of set 
cement depends to a large extent on a film of supersaturated solution being 
adsorbed upon the precipated particles of the stable solid phase, which may be of 
colloidal dimensions. 

The greater number of competent investigators recognise in the mechanism 
of setting and hardening of cements a combination of both crystallisation and 
colloidal phenomena. Each appears to play a distinct role the absence of either 
of which would seriously modify the resultant effect and the consequent nature 
and properties of the product. 
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Glasenapp“ classified the colloid products which form when water acts on 
cements as follows : (1) those which retain the gel state for a long period, (2) those 
which solidify by becoming crystalline, and (3) those which retain the gel state but 
which must be considered as crystals because of their optical behaviour. Each of 
these forms appears, in the setting cement, but he attributes to crystallisation 
forces a large share of the hardness, especially the increase in strength on ageing. 
The latter he considered to be due to the change from the colloidal to the crystal- 
line state. 


Baykoff* considered that the first hydration of the anhydrous constituents of 
cement produces colloidal hydrates. Following this the gel crystallises, produc- 
ing aggregates of large crystals. He accordingly regarded the hardening of ce- 
ments as taking place in three successive stages ; (1) that of solution, during which 
the liquid is progressively saturated with the different soluble substances ; (2) 
colloid formation, during which the products of the chemical reaction are ob- 
tained in the colloidal state ; this stage corresponds with the initial set ; and (3) 
crystallisation in which the gel is transformed into aggregates of large crystals, 
on account of the greater solubility of smaller crystals. This is the hardening 
period. 

The chief support of the combined crystal and colloid theory has been given 
by the German school. Ambronn,?> Keisermann,*? and Blumenthal 7 all use 
microscopic staining methods for examining setting cements. Ambronn*®> showed 
that in the first few days numerous small needle crystals and plates form on the 
cement grains. The needles show sharp extinction and negative double refrac- 
tion along their length. The regular hexagon plates form striated circles witha 
flocculent centre, exhibit strong double refraction, and base the characteristics of 
uniaxial crystals. After several days a third form of crystal appears, also 
hexagonal, but with negative double refraction. Later a gel begins to form, first 
in drops which enlarge, coalesce, and surround each needle with a coating. Finally 
all the crystals and grains are enclosed by a tissue of swollen threads and spheres. 
After drying the gel remains as a solid granular material. Other experiments in 
which staining was used led Blumenthal** to the conclusion that calcium metasili- 
cate and tricalcium aluminate were first formed in a crystalline condition so that 
the cement set like plaster, but that a colloidal gelatinous silicate was subse- 
quently formed and strengthened the mass by binding the crystals together and 
filling the pores. 


Kamagae and Yoshioka?’ studied the process of hydration of both normal and 
rapid-hardening Portland cement, using Blumenthal and Keisermann’s staining 
process. They found the two types of cement to behave in a similar manner, the 
setting process occurring as the result of crystal formation and the hardening as 
the result of retarded impregnation and coagulation of amorphous material 
among the fine network of crystals. 

Biehl,?* using microscopic methods, maintained that setting begins with crystal 
formation. Gel formation runs parallel, and prolific crystal formation is followed 
by increased gel formation. Crystallisation is considered to be more important 
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than gel formation. The latter acts more by filling the voids and only contributes 
to the strength on drying out. 


Koyanagi?® produced similar evidence to show that the hydration of efficiently 
burned Portland cement always commences with the formation of needles and 
plates of tricalcium aluminate, which result in the binding of the cement. He 
showed that in course of time all the needles are converted into plates. The 
hardening process, on the other hand, depends on the formation of a gel mass of 
hydrated calcium silicate, which occurs much later. Finally large hexagonal 
crystals of hydrated lime are deposited. The hydration of poorly burned cement 
commences with hydrated calcium silicate gel formation, both the binding and 
hardening depending upon the formation of this material. The large hexagonal 
plates of hydrated lime separate out earlier than in the case of properly burned 
cement, the separation being earlier the greater the quantity of free lime present. 
Several weeks later there is a slight formation of well-defined hexagunal plates of 
calcium aluminate, which promotes the hardening process. No evidence was 
found for the formation of needles of hydrated calcium silicate during the hydra- 
tion of cement. 


Desch*® stated that microscopic work on setting cement shows that the 
particles swell, becoming coated with a gelatinous layer in which subsequently 
small crystals appear. The hardness which results when the excess of water has 
been given up may then be partly due to the interlocking of crystals but probably 
much more to the drying out of the colloidal mass, yielding a glassy product. 
After a particle has once become coated with a gelatinouslayer, further action takes 
place by diffusion through that layer, a comparatively slow process. If at the 
same time the layer is undergoing such changes as to become hard and impervious, 
the reaction comes to an end while there is still a core of unchanged material no 
longer accessible to reaction. 


There still seems to be a great divergence of opinion as to the setting process, 
even among those workers who hold the view that both crystal and colloid for- 
mation occurs. Thus, Baykoff*4 considered that the setting process is entirely 
dependent upon the formation of colloid and the subsequent hardening due to 
crystal formation, while Koyanagi® held the opposite view. Rosenhain*! suggested 
that cements may set in much the same manner as metals solidify from fusion. 
According to his theory the adhesion of crystals of metal is due to the presence 
between them of a film of amorphous material. In a similar manner we might 
regard the crystalline material in hydrated cement as being surrounded by or 
embedded in the amorphous mass. 


From the literature there does not appear to be any conclusive indication of the 
actual physical changes which take place during the setting and hardening pro- 
cesses. Possibly different types of Portland cement behave in different ways 
depending upon the nature of the compounds and the amounts present. The 
process is essentially one of hydration and hydrolysis, and the relative con- 
centrations of the solutions formed probably determines the colloid and crystal 
nature of the products. 
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Turning to the chemical nature of the setting and hardening processes, we find 
that the products considered to be formed follow similar lines to those formed when 
considering the pure compounds. This necessarily involves some strictly defined 
opinions as to the compounds present in Portland cement and even if these are 
accepted it does not necessarily follow that the compounds will behave in the same 
way in the presence of each other and even less likely if any solid solutions are 
present. Le Chatelier®* concluded that the fundamental reaction which causes 
hardening is the splitting up of a basic calcium silicate into hydrated mono- 
calcium silicate and calcium hydroxide. He stated that a hydrated tetracalcium 
aluminate is also formed accessorily, the rapidity of hydration of which intervenes 
in the more or less rapid set of different cements. Later Le Chatelier substituted 
hydrated tricalcium aluminate for the tetra-compound, although he still main- 
tained that the latter may be formed under special conditions in a metastable 
equilibrium. He stated that iron takes no part in the setting process. Read* also 
claimed to have found a hydrated tetracalcium aluminate crystallising out during 
the setting of cement. Calcium sulphoaluminate crystals were also present, and 
at a later stage crystals of calcium hydroxide appeared. 

The work of the U.S. Bureau of Standards, as reported in Technical Papers 
43 and 78, led Bates, Klein and Phillips to believe that the hydration of cements is 
brought about by the formation of amorphous hydrated tricalcium aluminate 
with or without amorphous alumina, the aluminate later crystallising out. At 
the same time sulphoaluminate crystals are formed and lightly burned free lime 
is hydrated. The formation of these compounds begins a short time after the 
cement is gauged. The next compound to react is tricalcium silicate, whose 
hydration begins within twenty-four hours. Between seven and twenty-eight 
days the amorphous aluminate commences to crystallise and betadicalcium silicate 
begins to hydrate. The early strength of cements is probably due to the hydra- 
tion of the free lime, the aluminates, and the beginning of the tricalcium silicate 
hydration. The increase in strength between twenty-four hours and seven days 
depends upon the hydration of tricalcium silicate, although further hydration of 
the aluminate may contribute somewhat. 

Koyanagi*™ found that in the hydration of good quality sound cement numerous 
thick short needles which are strongly double refracting quickly appear, the 
thickness and length of the crystals increasing with increased dilution. They later 
disappear with the formation of six-sided plates. By staining processes it is proved 
that both substances consist of a calcium aluminate of the formula 3CaO. AI,O3. 
10.5H,O. After twenty-four hours, or at the latest five days, depending upon the 
amount of gauging water used, strongly double refracting hexagonal or prismatic 
crystals appear ; these increase to a considerable size and were shown to be cal- 
cium hydroxide crystals. Similar observations were made by Stern®® although 
he did not observe the needle-shape form of aluminate crystals reported by 
Koyanagi. 

Zulkowski*® based his theory for the setting and hardening of Portland cement 
upon his researches on blastfurnace slag. He argued that these slags, rich in 
alumina, resemble Portland cement in that they harden without the addition of 
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lime. Hence he regarded Portland cement as a higher basic slag in which there is 
an excess of lime present. In order to develop this theory he prepared what he 
called ‘“‘ hydraulites,’’ which were believed to consist of the pure hydraulic com- 
pounds of cement clinker. He regarded the amount of water taken up in the 
setting process as the most significant criterion upon which to base the constitu- 
tion of the products. He came to the conclusion that the dicalcium silicate, and 
this only in one modification, was a true hydraulite. The reaction of this substance 
in the setting was given as 
2Ca0.Si0,4+H,O0=Ca0.Si0,+Ca(OH),. 

Thus the hardening of the dicalcium silicate was due to the formation of mono- 
calcium silicate which set under the influence of the calcium hydroxide liberated 
at the same time and forced into the pores, cementing the material into a solid 
mass. He also prepared compositions of lime with one and with two equivalents 
of alumina and found them to set quickly with water and to attain great hard- 
ness. The hydration was believed to result in calcium hydroxide and hydrated 
alumina of the formula AI,0,.H,O or AI,03.2H,O. The whole of his work appears 
to suggest that the major part of the strength may be attributed to the calcium 
hydroxide produced during the early stages of setting. There seems to be little 
doubt that the calcium hydroxide, produced as a result of gauging with water, 
exerts a profound influence upon the rate of hardening of the cement. Burian and 
Seber’’, in their studies of the hydrolysis of cement by electrical conductivity 
measurements, found that hydration took place much more rapidly when the 
cement was gauged with calcium hydroxide solution than with distilled water. 
This indicated that a certain concentration of Ca(OH)2 in the solution is necessary 
before hydration of the main cement constituents will take place. 

Tippman*® based his conclusions on observations made by a microscopic 
method of examining thin sections of cement mortars, both by obliquely incident 
light and transmitted light. The hydration, setting, and hardening of Portland 
cement, he considered, resulted from the immediate formation by hydrolysis, of 
calcium hydroxide and silica hydrosol. The latter is thrown down in the gelatin- 
ous form when the gauging water attains a definite concentration of calcium 
hydroxide. Crystal nuclei of Ca(OH), then form and rapidly grow both inside and 
outside the gel envelope. The moment when, in the setting-time test, the surface 
water is observed rapidly to disappear, corresponds to the coagulation of the sol 
to gel, the porous microstructure of which gives rise to considerable capillary 
forces. The growth of the Ca(OH), crystals exerts a uniform pressure on the soft, 
semi-solid, and permeable silica gel, with the result that the gel steadily loses 
water and becomes more tenacious. When the cement is set the outer layers of 
the silica gel naturally harden first as a result of the crystal pressure and the 
continuous removal of water from the gel. The newly-formed crystals of calcium 
hydroxide from the solution become smaller and more numerous, and do not 
appear as hexagonal plates and rods but as irregular lamella of shapes best adapted 
for filling the available space. When hardening is complete and all action has 
ceased, all the water now exists as water of crystallisation in calcium hydroxide 
crystals, which have attained their maximum size and number and which, by the 
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pressure they exert, have completely dehydrated and hardened the silica gel so 
that it will undergo no further shrinkage. There are several statements in 
Tippman’s paper which are contrary to the observations of the majority of 
investigators. He considered that only calcium hydroxide formed by hydrolysis 
is capable of crystallisation, although it has frequently been observed that free 
lime in cement clinker hydrates before any other of the clinker constituents and 
appears as characteristic hexagonal crystals having clearly defined optical proper- 
ties. He also stated that the hydrolysis of the calcium silicates in the presence of 
water is complete, i.e. the final products are silica gel and calcium hydroxide and 
the result is unaffected by the amount of gauging water used. He gave no definite 
proof of this, but only stated that hydrated calcium silicates are not found in 
hardened cements. A great deal of work on the stoichiometrical relationships of 
hydrated Portland cement products leads to the opposite view and cannot be 
disregarded. 


Assarsson and Sundius *® investigaed this question of the nature of the silicate 
formed in set cement. The calcium hydroxide was determined by the Lerch and 
Bogue method, using alcohol and glycerine. After ascertaining the amounts of 
CO, and CaCO, present, calculating the alumina to 3CaO.Al,O,, and allowing for 
the small amount of iron, they found that the remaining silicate complex had the 
composition 2CaO.1.04SiO,, showing that on setting the 3CaO.SiO, of cement 
hydrolyses with the liberation of one molecule of lime. 


Rebuffat*® believed that setting resulted in the formation of a hydrated 
dicalcium silicate. The aluminates, he considered, hydrated in an indefinite 
manner. He came to the conclusion that a compound of the formula 3CaO.SiO, 
does not exist in Portland cement, but that the main constituent approaches this 
composition and is probably an indefinite combination of CaO with 2CaO.SiOg. 
The additional CaO was converted into Ca(OH). In cements rich in silica some 
monocalcium silicate was believed to be present ; this reacted with the aluminates 
to form a double silicate of lime and alumina, and the resistance of these cements 
was attributed to these compounds. 


Meyer*! concluded, on theoretical grounds, that it is much easier to accept the 
existence of 3CaO.SiO, in anhydrous cement than that of 2CaO.SiO, with free 
CaO. His conclusions on the chemical changes occurring in the hydration and 
hardening of cement mortars are: (1) initial set is caused by the hydration and 
crystallisation of the calcium aluminates, (2) Final setting coincides with the 
beginning of the decomposition of the tricalcium silicate into hydrated dicalcium 
silicate and hydrated lime, (3) Hardening is due to the continuation of this reac- 
tion, followed by the slow transformation of the hydrated dicalcium silicate into 
anhydrous monocalcium silicate and hydrated lime, (4) Hardening is further 
advanced by decomposition of calcium silicoaluminate into silicate and hydrated 
aluminate—Two reactions follow, (a) combination of the hydrated aluminate 
with the monocalcium silicate, and (6) partial carbonation of hydrated. lime. 
(5) The direct cause of hardening is the crystallisation of the hydrated calcium 
silicate from the solution which is supersaturated with this substance. The 
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crystallisation of the Ca(OH), contributes only in small measure to the hardening 
process. 

The microscopic work of Ambronn,?5 Kiesermann,‘? and Blumenthal** 
supports these conclusions. These authors used various staining solutions for 
identifying the compounds present in Portland cement. Those found to be most 
satisfactory were ; For CaO, alcoholic anthropurpurine or 0.2 per cent. solution 
of alizarin orange in dilute ammonia; for free SiO,, neutral methylene blue ; 
for combined silicates, acetic acid solution of methylene blue; for alumina, 
patent blue or 0.2 per cent. solution of cyanin and chromotrope 2R ; for ferric 
iron, potassium ferrocyanide ; for ferrous iron, potassium ferricyanide. 

Kiesermann* concluded that clinker consists of 2CaO.SiO, and 3CaO.AI,O, 
existing separately in the approximate ratio of 4:1. Very little free line was 
found. In hydrated cement the small plates alone contained alumina ; all portions 
contained CaO, and no free silica was present. Hexagonal plates similar to those 
in set cement were prepared artificially and found to consist of 3CaO.Al,O3,.12H,O. 
Crystalline needles and also an amorphous mass proved to be calcium silicate, 
probably of the formula CaO.SiO,.aq. He concluded that the hardening of cement 
was due entirely to the hydrolysis and hydration of the 2CaO.SiO,, the fine 
needles of the CaO.SiO,.aq. becoming interlaced and penetrating the gel of the 
same composition. The 3CaO.Al,O0, was thought to play no part in the hardening, 
but merely accelerated the hydration of the silicate. 

Blumenthal and Luftschitz* arrived at the same conclusions, and in addition 
showed that both ferrous and ferric iron were present in the gelatinous material 
but there was no iron in the crystalline portion. The hexagonal plates of 
3CaO.Al1,O0,aq. were visible around the cement grains after the cement and water 
had been in contact for two to three hours. - Fine needles of CaO.SiO,aq. were 
also formed. After two to four days large hexagonal crystals of Ca(OH), appeared, 
and in contact with air these formed spherolites of CaCO 3. Simultaneously a 
gelatinous calcium silicate formed. These compounds were not simply the 
hydrated products of compounds present in the clinker, but new compounds 
formed by the decomposition of the clinker minerals by water. 

When considering the nature of the setting and hardening processes it is 
important to bear in mind the influence of various additions to the cement which 
influence the rate of setting. This will be considered in more detail in a subse- 
quent article, but it seems advisable to review briefly the chemical and physical 
changes which may occur as a result of the addition of substances which either 
accelerate or retard setting time. The mechanism of the delay in the set when 
calcium sulphate is added to cement was considered by Candlot*® and Meyer*! as 
being due to the formation of insoluble calcium sulphoaluminate which is incapable 
of causing a set and prevents the aluminates from crystallising, the latter process 
being considered as responsible for the setting of cement. On the other hand 
Reibling** believed that, on solution of the plaster, the ionised calcium sulphate 
reduces the solubility of the other calcium ions, causing the lime to be less readily 
dissolved and the aluminates less rapidly hydrated. This slow hydration of the 
aluminates brought about the retardation of the setting. This explanation, 
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however, does not seem possible, since it would mean that increasing amounts of 
plaster would give continuously slower set, which is known not to be the case. 
Kiihl*? based his theory of setting on the coagulation of hydrated calcium 
silicate by means of electrolytes. He maintained that the electrolytes which 
hasten coagulation are formed (1) by the alkalis which split off during hydration, 
and (2) by the calcium aluminates which are really soluble. The latter are regarded 
as of great importance since they form trivalent ions, and the ability of ions to 
coagulate gels is dependent on the valency. He explained the influence of gypsum 
or plaster as a retarder by saying that the calcium sulphate removes some of the 
aluminate as sulphoaluminate, so that there is no appreciable concentration of 
tricalcium aluminate formed and accordingly it cannot exert its coagulating 
influence on the gradual forming colloidal solution of calcium silicate. 


Tippman®* did not accept this colloidal theory, as has already been stated. 
He considered ‘hat setting is essentially a crystalline process and that the function 
of gypsum is to check the crystal formation. He observed that in the absence of 
sulphate there was marked crystal formation while, in the presence of calcium 
sulphate, crystal formation was delayed and colloid formation began at once. 
Klein and Phillips? were of the opinion that the formation of calcium sulphoalu- 
minate is only incidental to the initial set and is not the cause of its retardation. 
They maintained that the problem appears to be one involving the action of ions 
upon the gel formed by hydrolysis. 


Throughout this article an attempt has been made to give all shades of opinion 
regarding the nature of the setting and hardening processes. Hydrolysis and 
hydration both assume important roles in these processes, but the rate with which 
these reactions proceed in the case of any compound is dependent upon several 
factors. Inasmuch as these factors have not so far been completely elucidated it 
is difficult to obtain any final explanation of the processes which take place during 
the hardening period. The influence of the aluminate compounds appears to be 
of great importance during the setting and early hardening stages, particularly 
as the extreme case of high-alumina cements, viz. aluminous cements, have rapid 
hardening properties. The influence of the silicates present in Portland cement 
would appear to depend on their forming hydrated metasilicates either of colloidal 
or minute crystalline structure, and the indications are that these are slow in 
setting and hardening as instanced by all cases of cements with very high silica 
ratio. On the other hand these high-silica-ratio cements show a progressive gain 
in strength with time, a characteristic not so noticeable with aluminous cements. 
It seems doubtful whether the examination of set pats of neat cement or even 
standard mortars gives any indication of the reactions which occur under the con- 
ditions of constructional practice, although if these points could be definitely 
settled it might be a step in the direction of deciding upon the best type of cement 
for concrete work. 
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Note from the Foreign Press. 

Strength of Concrete in the Light of Modern Physics. By A. Pogany. 
Zement, 1934, Nos. 4 and 5.—There is a large discrepancy between the strengths 
of materials calculated from the space lattice theory of Born and Laue and that 
actually obtained. The theoretical strength amounts to from 100 to 1,000 times 
the actual strength. This has been traced to the existence of small cracks at 
which the stress can rise to very high figures. For a fine crack of elliptical 
shape in concrete the length of which is 1,000 times its depth the maximum 
stress in the crack is 114,000 Ib. per square inch when the overall tensile stress 
is 570 lb. per square inch. A typical case of this discrepancy was obtained by 
Griffith, who tested glass fibres of diameters varying from 1.02 to 0.0033 mm. in 
diameter, and obtained strengths varying from 23,900 lb. per square inch to 
493,000 lb. per square inch. 

In order to investigate the behaviour of concrete under stress, polished 
sections were examined under the microscope while the specimen was stressed 
in bending, shear, or compression. Special devices to produce these stresses on 
the microscope stage were designed and used. 

The unstressed specimens showed cracks which were dependent on: (I) the 
amount and quality of the cement, (2) the size of the specimen, and (3) the 
humidity and temperature during setting. Ufsound concrete with a high per- 
centage of cement cured in warm dry air showed very clear cracks under the 
microscope, while carefully prepared specimens made from good cements showed 
very few. ; 

When stress is applied the cracks become wider and the behaviour of the 
specimens supports Griffith’s theory that they fail under compressive stress due 
to reaching the limit of tensile stress in the cracks. This is contrary to the older 
theories which assumed that cracks had practically no influence on the 
compressive strength. 

These tests suggest that concrete of higher strength is not to be obtained only 
by using stronger cement, better graded aggregate, etc., but also by paying great 
attention to the process of hardening and by avoiding the formation of cracks 
due to shrinkage and other physical] causes. If concrete could be prepared without 
these cracks it should have a strength of over 14,000 Ib. per square inch. 








Comparison of the Portland Cement Specifications 
of the World. 


On the following pages we give the first of a series of tables to be 
published in this journal comparing the requirements of the Standard 
Specifications for Portland Cement issued in various countries. This 
series of tables has been prepared by Messrs. W. Watson, B.Sc., and 
Q. L. Craddock, M.Sc. 
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TABLE I.—FINENESS OF CEMENT. 

















Sieve 
meshes 
per 

' 
cm.? in. 
4,900 | 178 

900 76 
5,020 | 180 
4,900 | 178 
900 76 
4,900 | 178 
900 76 
6,200 | 200 
4,900 | 178 
900 76 
4,900 | 178 
$00 76 
4,900 | 178 
900 76 
4,900 | 178 
900 76 
4,900 | 178 
900 76 
324 52 
4, on 178 
76 

4,480 | 170 
800 72 
4,900 | 178 
900 76 
4,900 | 178 
900 76 
5,020 | 180 
900 76 
4,900 | 178 
4,900 | 178 
900 76 
4,900 | 178 
4,900 | 178 
900 76 
5,020 | 180 
900 76 
5,020 | 180 
4,900 | 178 
900 76 
4,900 | 178 
900 76 
900 76 
4,900 | 178 
6,200 | 200 
4,900 | 178 
900 76 
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Diameter of | Residue per cent. 
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Aperture size. wire. — — 
Rapid 
-——— | | _ hard - Ordinary. 
mm. in. mm. in. ening. 

-- — 0.050 | 0.0020 10 es 
— _ 0.150 | 0.0059 | — 1 
_ _ 0.045 | 0.0018 | — 18 
_ _ 0.050 | 0.0020 _ 25 
_ — 0.100 | 0.0039 | — 3 

High 
strength 

_ — -- — 10 14 18 
— om = =< a 2 
_ — 0.053 | 0.0021 — 22 
_ — 0.050 | 0.0020 | — 25 
_ — 0.100 | 0.0039 | — 3 
_ — 0.050 | 0.0020 | — 20 
_— _ 0.100 | 0.0039 | — 2 
0.083-0.092 | 0.0033-0.0036 — _ _ 10 

0.190-0.210 | 0.0075-0.0083 _ — — 1.5 
a ee a = sant 30 
0.216 0.0085 _ — —_ 5 
sla smi _— — — 30 
ae pa = _ = 10 
~ — _ aoa 1 
0.088 0.0035 0.055 | 0.0022 | — 25 
0.200 0.0079 0.130 | 0.0051 —_ 2 
0.089 0.0035 0.061 | 0.0024 a 10 
0.211 0.0083 0.142 | 0.0056 | — 1 
0.090 0.0035 — = 12 20 
0.210 0.0083 _ — 2 2 
— ~ 0.050 | 0.0020 | 15 20 
— — 0.150 | 0.0059 2 2 
— — 0.045 | 0.0018 -- 10 
— —— 0.112 | 0.0044 | — l 
a -- 0.055 | 0.0022; — 12 
— — -- _ — 25 
— a _ _— _— 3 
0.090 0.0035 _ — — 15 
— ~ 0.050 | 0.0020 | — 20 
_ — 0.150 | 0.0059 | — 2 
— — 0.050 | 0.0020; — 25 
- -- 0.150 | 0.0059 | — 2 
— — _ — on 18 
ae ats a a a 39 
ae ne ai ny ae 5 
as < — — 6.0 16 
= ait — ~- 0.5 1 
0.208 0.0082 - _ _ 5 
— — 0.055 | 0.0022 | 10 10 
0.071 0.0029 0.053 | 0.0021 | — 22 
_ — — _ _ 7 
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TABLE II. 
CHEMICAL COMPOSITION. 
































Hydraulic modulus. Maximum percentage. 
a _ : — Specific 
Country. Loss Added gravity. 
Max. Min. MgO. 803. Insoluble on foreign Min. ? 
| residue. | ignition. | matter. 
Argentina ..... — 1.7 4.0 2.5 1.0 3.0 - _- 
Australia....... — _ 4.0 2.0 1.5 3.0 —_ — 
Austria ........ — — 5.0 2.5 — _— 3.0 _ 
Belgium ....... _ = 2.0 2.0 1.5 3.0 —_ 3.05 
Biel cisco... %CaO 60-61.5 3.0 2.0 1.0 3.0 _ _ 
rr —= — 4.0 1.75 ~- _— — 3.1 j 
eae — 1.7 3.0 1.5 _ 5.0 3.0 3.05 4 
(For maritime work : %Si02/%R.,03 2.2 max. Max. %Mg0O 2.0.) 
Czecho - Slovakia —- -~ — 2.5 “= _ - _ 
Denmark ...... ne 1.8 3.0 _- — a 3.0 _ 
4 
Esthonia ...... - _ 5.0 2.5 — -- 3.0 _ } 
+ 
PONG. 650 css — = 5.0 3.0 — — 3.0 _ { 
Germany....... — 1.7 5.0 2.5 aaa 5.0 3.0 _ i 
Great Britain .. 3.0* 2.0* 4.0 2.75 1.0 3.0 —- — 
4.0 (for hot 
climates). 3 
Holland........ — 1.7 5.0 2.5 3.0 -- — _ f 
ME bunivesece a — 3.0 2.0 1.5 3.0 oe (Normal) 2.9 
(High 3.05 i 
strength) 
Jamaica ....... -- -— — — — -- -- ao 3 
Dileth c tsi. cxs on wo 3.0 2.0 os 4.0 ~ 3.05 4 
Jugo-Slavia .... ~ 1.7 5.0 3.0 — _ ee a 
4 
Morway ....... 2.4 1.7 4.0 2.75 1.5 4.0 _— 3.05 ‘ 
Poland ........ | 22 1.7 3.0 2.5 1.5 3.0 - — 3.05 B 
Portugal ...... _ _ 4.0 2.5 1.5 4.0 — 3.05 ' 
Roumania...... — 1.7 5.0 2.5 — 5.0 — — 
POA cine ens — — 3.0 2.5 _ 4.0 3.0 —_— 
rer eyes 2.3 1.8 5.0 2.5 1.5 4.0 3.0 3.05 
Sweden ....... — 1.7 5.0 2.5 — _ 3.0 — : 
q 
Switzerland .... Mean = 2.0 4.0 2.5 5.0t 5.0 5.0t (Quick 2.90 ; 
setting) y 
(Normal) 3.00 4 
United States .. — a 5.0 2.0 0.85 4.0 os _ 4 
2.5%* 4 
Uruguay ...... — —_ 4.0 2.0 0.85 4.0 _- _ { 





* Molecular proportions. + Including added foreign matter. ** For rapid hardening. 
t Includes insoluble residue. 


(See page 16.) 
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TABLE III.—SETTING TIME AND SOUNDNESS TESTS (VICAT METHOD). 























tener ery AM ee 
Country. Grade of | Initial set Final set | Hot Cold Le Chatelier 
setting. (minutes). (hours). pat. pat. expansion 
slice , “ ss Hit gente tae ocs bs cet De 2 eek pea ae _ (max.). 
Argentina ....... Slow (min.) 45 (max.) 10 Xx x | — 
Australia......... Slow (min.) 60 3-12 p.¢ X 5 mm. 
MOS 50k nine Quick (max.) 10 -- xX x — 
Medium 10-60 _— _ — _ 
Slow (min.) 60 _ _ — _ 
OUD o's 6s ions Slow (min.) 45 3-12 x _ 6 mm. 
| a eer Slow | 30-210 3-6 _ — x 
CRMOR <6:6:34/¢ ca Slow (min.) 30 (max.) 10 xX — xXx 
GUE esc cue beceas Quick (min.) 10 oo — x _ 
Slow | (min.) 60 -= _ _— — 
Czecho-Slovakia .. Medium 30-60 =: a x —_— 
Slow (min.) 60 (max.) 15 — _— -- 
Denmark ........ Slow (min.) 60 (max.) 15 _ x 10 mm 
Esthonia ........ Slow (min.) 60 — _— X x 
Lo ee Quick (max.) 5 — —_ 10 mm 
Medium 5-30 -- — — — 
Slow 30-360 — — _ os 
Very slow (min.) 360 — — -- -—- 
Germany ........ Slow (min.) 60 — — Xx — 
Great Britain .... Quick (min.) 5 (max.) 30 min. -— _ 10 mm 
Slow (min.) 30 (max.) 10 — _ — 
ORNS 65.6 8 xe0's Slow (min.) 60 -- x 10 mm 
ON Sec hers eae's Slow (min.) 60 6-12* xX x 5 mm 
6-10t 
CURIE 6. 5.5-60 08 a — —- = = x 
WOE Ai oS cine te ac Slow (min.) 60 (max.) 10 x x a 
Jugo-Slavia ...... Quick (max.) 15 as xX x — 
Medium 15-60 o = a 
Slow (min.) 60 — —_ — os 
Norway ......... Slow (min.) 60 (max.) 10 x x 5 mm 
POE 825655 seks Slow (min.) 40 (max.) 10 x x — 
Portugal .....<.<. Quick (min.) 2 — — 4mm 
Slow (min.) 60 (max.) 8 -- a — 
Roumania........ Slow (min.) 60 _— x x — 
PEERS baicesan ws Slow (min.) 20 1-12 x x os 
ORME va swan vcctxa Slow (min.) 45* (max.) 12* x x — 
(min.) 30f (max.) 10t 
BOGOR 86x cc sao Slow (min.) 60 a ee x 12 mm. 
Switzerland ...... Quick A little (max.) 30 min. x ao 10 mm. 
Normal. under 150 A little under (quick setting) 
7 hrs. 8 mm. 
(normal) 
United States .... Slow (min.) 45 (max.) 10 xX -- a 


Drugany ..0000:. Slow (min.) 35 (max.) 3-10 —- —- 10 mm. 


X signifies test used. * Ordinary Portland cement. + Rapid-hardening Portland cement. 
NoTEs ON PAT TESTS.—(a) Hot pat test: pat cured for 24 hours in water at 15 to 20 deg. C., then for 3 to 
5 hours in boiling water. (b) Cold pat test: pat cured for 28 days in water at 15 to 20 deg. C. At the end 
of the testing period the pats should show no signs of cracking or crumbling. 
(See page 16.) 
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Chemistry Applied to Cement Manufacture. 


In the course of an interesting article in a recent number of ‘‘ Rock Products, ’’ 
Mr. Nathan C. Rockwood writes: Applied cement chemistry has consisted largely 
of inaintaining a desired lime ratio to silica, alumina, iron, etc. Many satisfactory 
cements have been analysed and proportions of these various constituents deter- 
mined. Raw materials are then sought which, combined in cement, approximate 
as nearly as possible the necessary proportions. It has long been known that 
differences in the proportions of the minor constituents affect to marked degrees 
the properties of the resulting clinker and cement. Only recently, however, with 
the advent of ‘‘ high alumina,’’ ‘‘low alumina,”’ ‘‘ high silica,’ “‘ high iron’’ 
cements, etc., have manufacturers attempted to change definitely the proportions 
of these minor constituents from those naturally provided in the raw materials 
available, in order to develop special properties in cements. In many instances 
cement chemists have difficulty in maintaining desirable uniformity of product, 
which is invariably achieved by ‘‘ blending ’’ the product of many days’ run of 
kiln rather than by unifornity of chemical composition of each particle of clinker, 
which certainly should be the goal of any really controlled chemical process. 
The nature of the available materials frequently restricts or precludes the manu- 
facture of several special types. 

Entirely aside from this kind of chemical control, desirable as it is for quality 
of product, is chemical control for economy of processing. Cement clinkers vary 
greatly in grindability and in the amount of heat required by make them, due 
to small differences in the proportions of raw materials used, and in some degree 
to the physical and chemical forms in which the raw materials occur. 

It has not been possible for cement chemists to take advantage of their know- 
ledge of why their clinker is hard to burn, hard to grind, or both, because they 
have no choice in the selection of the raw materials. 

Therefore, the opportunity for large savings in costs where it is possible 
to work with relatively pure mineral constituents instead of crude ones is 
obvious. Table I shows the variations in ratio of silica to alumina and iron 
in clinkers from a number of different plants and localities, yet tests show that 
the best ratio for a minimum of processing costs in the range of 1.85 to 2. Such 
close control is impossible with ordinary raw materials. Further investigation 
reveals how incorrect ratios influence the quality and strength of Portland 
cement. 


TABLE I. 
Silica, 
Iron-Alumina 
Ratio 
Cement “A”... be 1.84 
wae" eB" i 2.86 
Cement ‘‘C”’ Bi wil 2.48 
Comat “Dp”... 7% 2.49 
een Ss a 1.90 


Cement “F"  .. a 1.87 
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Separation and Recombination of Raw Materials. 


Mr. C. H. Breerwood, vice-president of the Valley Forge Cement Co., 
discovered that the constituents of many sedimentary rocks-used to make Port- 
land cement are not composed of chemically combined minerals, but are merely 
cemented particles of separate and distinct minerals. Hence it was only neces- 
sary to devise methods of crushing and separation by flotation or otherwise to 
disintegrate such rock into particles of calcium carbonate ; silica, including quartz 
and silicates of alumina; alumina, principally micaceous; iron oxides and sul- 
phide ; or some other combined form of these mineral elements. 


The simplest example is perhaps the case of a natural cement rock which 
contains an excess of silica in the form of quartz grains. With proper grinding 
the hard quartz grains are largely freed from the calcium carbonate and alumina 
and can be removed in the subsequent flotation process. Such free quartz is 
not only hard to grind as a raw material, but is often a relatively coarse form 
of silica that is almost inert during the clinker-burning operation. Examination 
of clinker made with it has shown the quartz grains remain as quartz uncom- 
bined with the lime. This clinker is very difficult to grind, and may mislead 
the chemist in his calculations of the proper proportions to enter into combina- 
tion with the lime. Consequently it is economical to waste these coarse quartz 
grains, or to find a market for them as a by-product. On the other hand, a 
mineral such as fine mica, a silicate of alumina, contains the desired silica in a 
chemically reactive form and can be used to advantage in the manufacture of 
cement. It is thus possible to take a cement raw material and refine or con- 
centrate the desirable minerals and discard the others, to the improvement not 
only of the manufacturing costs, but also of the quality of the product. 


Another example is the treatment of the so-called inferior cement rocks or 
argillaceous limestones of the Lehigh Valley district, particularly those deficient 
in calcium carbonate, to derive from them an ultimate mixture of any desired 
composition without adding quantities of high-grade limestone. This is a 
common problem in the Lehigh Valley district, where many plants import lime- 
stone considerable distances to raise the percentage of lime to that required for 
cement manufacture. Although Mr. Breerwood has found that probably all 
argillaceous limestones or cement rocks react favourably to the flotation, 
whereby the calcium carbonate value can be raised to a desired proportion with- 
out correction by natural materials, it should be realised that the minor con- 
stituents may be corrected at the same time, whereas this does not necessarily 
follow when the correction is made by the addition of limestone from an outside 
source. Thus the addition of high-grade limestone for the purpose of correct- 
ing an inferior cement rock fails to eliminate the uncombinable silica, especially 
the coarse quartz grains, and any change in the silica, iron-alumina ratio is 
negligible. By the new method, however, the available stone may not only serve 
as the sole source of the finai mixture, but each of the constituents may be con- 
trolled readily to correct all the proportions and ratios. The ability of the 
new method to control the alumina content and particularly with relation to iron 
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content is of especial interest to manufacturers who are encountering difficulties 
in the manufacture of cements of low tri-calcium aluminate content. For these 
reasons it has been the object in the removal of undesirable quantities of both 
silica and alumina to eliminate the forms which do not combine readily, if at 
all, such as the coarse quartz grains and coarse mica if the latter is present. 

It is common practice to quarry limestones in two or more strata, a low lime 
rock and a high lime rock, and to go through various steps in blending these 
to arrive at a satisfactory lime content. By being able to concentrate the lime- 
stone to any required percentage of calcium carbonate, a plant may be supplied 
with rock from any part of the quarry by a single shovel. 
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The Processing Plant. 


At the Valley Forge plant a complete minerals separation plant has been in 
operation since March, treating the entire output of the tube mills. Fig. 1 
shows how these new units fit into the plant as originally built. Although the 
Valley Forge Co. has never found it necessary to purchase limestone for the 
correction of its raw material composition, its rock deposit is now substantially 
inexhaustible, because the new process has added at least 150,000,000 bbl. 
of mix to that already available for blending in conventional practice. Quarry 
costs have been decreased, as the rock may be quarried without care in selec- 
tion, and blending prior to grinding is unnecessary. One of the most interest- 
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ing features of this development is that, regardless of the variation in the calcium 
carbonate value of the rock as received for treatment, the final product of the 
separation plant is held at exactly the desired composition without correction. 
Also there has been a material gain in early and ultimate strengths of the 
cement, as was anticipated in view of the elimination of all quartz grains 
coarser than 325-mesh fineness and the correction of the silica-iron-alumina 
ratio, The clinker is of high quality and thoroughly burned, the weight having 
increased about 16lb. per cubic foot. Any known type of cement can now be 
made by controlling the recombination of the constituents segregated in the 
separation plant. Thus, the available materials can serve as the source for 
‘low alumina,’’ “‘ high silica,’’ ‘‘ alkali resisting’? and other types of cement. 
Probably of the greatest importance is the fact that the mill savings resulting 
from the use of the new process more than offset its cost, and these savings are 
in addition to the savings in the quarry. 


>» 6 ” 


The major mill savings are decreased raw and clinker grinding costs and 
lower fuel consumption. For example, rock ranging from 68 to 75 per cent. 
calcium carbonate is ground to approximately 85 per cent. passing a 200-mesh 
sieve. As the excesses of silica and alumina are removed from the coarser 
products of the tube mill, the kiln feed ranges from go to g2 per cent. passing 
a 200-mesh sieve, Although the clinker is obviously better burned and appears 
harder there has been a saving of approximately 10 per cent. in fuel. The 
elimination of uncombined quartz from the clinker has resulted in a saving of 
approximately 10 per cent. in grinding costs. 


The new units comprise (1) three reinforced concrete storage tanks 16ft. inside 
diameter by 2oft. high, one for make-up water, one for tube-mill slurry and 
one for circulating water, which includes the un-used reagent ; (2) a 30-ft. Dorr 
‘‘ Hydro-Separator ’’ ; (3) a Dorr rake classifier; (4) nine 44-in, flotation cells ; 
(5) a 27-ft. Dorr thickener; (6) an 80-ft. Dorr thickener. If desired, all of 
the tube-mill products can be subjected to froth flotation to effect the separation 
between the calcium carbonate and the argillaceous compounds. Ordinarily 
this is not necessary or desirable as quantities of the fine constituents are essen- 
tial to the final composition in substantially all cases. Accordingly it is the 
practice to treat a variable quantity of the coarser particles separated from 
the mill stream, the quantity so treated varying inversely as the calcium carbon- 
ate varies in the stone as received, This makes it possible to remove the excess 
silica and alumina in a single operation, but as the silica is the constituent requir- 
ing the primary control, the separation of the original material into coarse 
and fine parts is based upon the excessive silica content of the raw material 
in this case. Table II makes this clear. This table is based on the treatment 
of rock ranging from 68 to 75 per cent. calcium carbonate, ground to an 
average fineness of 85 per cent. passing a 200-mesh sieve, the treated quantities 
being that necessary to provide a final mixture of 75.8 per cent. calcium 
carbonate. The treated tonnage is based upon the present curtailed capacity 
of 700 tons a day. 





PaGe 26 CEMENT AND CEMENT MANUFACTURE JANUARY, 1935 








TABLE II. 

CaCO, in | Percentage | Percentage to; Tons to be 
rock. | untreated be treated treated 
68 | 46.5 | an 1 ime 
69 49.0 51.0 350 
70 52-7 47-3 331 
71 | 50.6 43.4 | 304 
72 60.2 | 39.8 272 
73 65.7 | 34:3 | 239 
74 71.0 29.0 203 
75 | 77-3 22. 159 








Since the new separation plant was started it has been the practice to make 
the complete composition correction in the final thickener, but it has been 
intended to employ the slurry correction tanks when the rock received from 
the quarry will make it more economical or convenient to control the treatment 
to produce mixtures above or below ultimate composition. 


Referring to the flow diagram (Fig. 2) it will be seen that the tube-mill slurry 
is delivered to a hydro-separator after sufficient water has been added to result 
in a dilution to approximately 20 per cent. dry solids. The hydro-separator 
serves as a 325-mesh sieve, the fines overflowing and being delivered directly 
to the final 80-ft. thickener. To complete recovery of the fines the underflow 
is pumped to a rake classifier where the final separation and control of the 
treated and untreated parts is accomplished. 


At this fineness the sands do not represent sufficient tonnage for treatment to 
remove the excess silica, These sands, however, include the uncombinable sizes, 
which may be arbitrarily stated as coarser than 325-mesh. They are allowed 
to precipitate, and are recovered by the rake elements and delivered to a plunger 
or turbo-mixer. The necessary additional tonnage required for treatment is 
admitted through a perforated bleeder pipe extending across the rake box above 
the rake elements. This pipe serves as the control of tonnage, and actually the 
final analysis of materials combined in the thickener. The particles withdrawn 
by the pipe are the coarser of the minus 325-mesh products, and the finer par- 
ticles are allowed to overflow and are combined with the fines classified in the 
hydro-separator. To make the separation more accurate, the overflow from 
the rake classifier is returned to the hydro-separator where it overflows to the 
thickener. 


The collecting reagent, oleic acid, is added to the pulp discharged from the 
turbo-mixer, which is then fed to a group of four flotation cells. In these cells, 
known as the “‘ rougher cells,’’ the frothing agent, cresylic acid, is added, which 
together with the aeration causes the calcium carbonate particles to be segregated 
from the argillaceous compounds and recovered with the froth. The underflow 
from these cells contains lime, and is further treated in a series of three ‘‘ cleaner 
cells.’’ The froth discharged from these cells is of lower quality than that of the 
‘“‘ rougher cells,’’ and it is treated in a series of two ‘‘recleaner cells,’’ the 
froth of which is combined with that of the ‘‘ rougher cells’’ to form the final 
lime concentrate. This concentrate is delivered to a 27-ft. thickener. The 
underflow from the recleaner cells circulates through the three cleaner cells 
with the underflow from the rougher cells, the underflow of the last cleaner cell 
being the rejects of the plant. 
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In order to obtain capacity with economy, no attempt is made to obtain an 
absolutely pure concentrate, one of 87 per cent. calcium carbonate being the 
most economical and convenient for materials available at the plant. This con- 
centrate is separately thickened in order that the reagent water can be used 
continuously in circulation throughout the system to economise in reagents, and 
to effect a further economy in that the water is soft as the calcium salts have 
been precipitated as calcium oleate. The underflow from this thickener is 
pumped to a junction box, where this stream is continuously combined with the 
overflow from the hydro-separator, the two streams being de-watered to normal 
slurry moisture content in the 8o-ft. thickener. 


MILL 
STREAM 







word 
SEPARATOR 


UNDERFLOW 






ALTERNATIVE 
~——— — 


COURSE. — 


FROTH 
FLOTATION| —-» CONCENTRATES 

SELts CONCENTRATE 
REJECTS THICKENER 


CONCENTRATION TABLE pees “al 
siicares (RON—»{MICL}— |_finat THICKEWER 
QUARTZ oF 
ALUMINA 
FINAL MIXTURE 
WASTE KILN PEED OR 
BLENDING TANKS 
Fig. 2. 


Although the tailings from the flotation cells do not now involve an un- 
economical waste of any desirable constituents, it is the intention to install 
a wet concentration table for the purpose of recovering the iron, principally 
sulphide, and to make the quartz suitable for sale as a by-product, 

It has been found that quartz, silicates of alumina, and iron are readily 
separable from these tailings by concentration, but the table is ineffective to 
make a separation between calcium carbonate and the argillaceous compounds. 
The proposed table is shown on Fig. 2. The iron will either be returned to the 
tube mills for further reduction, or ground separately in a small mill and added 
to the products entering the junction box of the thickener. 

The greatest economy is particularly influenced by the degree of grinding 
of a specific argillaceous limestone, for instance. This means that the first 
consideration is to release the physical bonds between each of the constituents 
and to an extent that the final product will be of a desired ultimate fineness 
after the coarse particles of quartz and mica have been eliminated. Thereby, 
the concentrate can be held at a desired purity and the losses of calcium values 
in the rejects are negligible. 
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Since the separation plant was started the materials treated have ranged 
from 68 to 75 per cent. calcium carbonate. Regardless of this variation, how- 
ever, the underflow from the 8o-ft. thickener has been held to composition 
continuously, the error being so slight that blending has been unnecessary. Due 
to the controls described the routine chemistry is simpler than that required 
in ordinary practice. 

The separation plant has a capacity in excess of 1,000 tons of stone a day. 
Approximately 48 additional man-hours are required for operation, ‘and the 
motors total about 60 h.p. The present total rejects for ranges in stone from 
68 to 75 per cent. calcium carbonate vary from 95 to 24 tons. 

The installation described is a specific application of the process. For other 
cement plants the flow-sheet would have to be adapted to the problem to be 
solved. A substantially similar flow-sheet can be applied to dry-process plants 
by the substitution of air separation equipment for hydraulic classifiers. In 
this case the air separator tailings would be treated by froth flotation, and the 
concentrates would be thickened to about 18 per cent. moisture content and 
then dried and combined with the untreated fines from the separators. A large 
number of rock specimens from various parts of the world have been treated 
experimentally by a laboratory-type flotation cell. The results suggest that 
savings in grinding costs can be made by employing different flow sheets. Thus, 
some of the samples can best be treated by inserting the new procedure in closed- 
circuit grinding; others by employing two-stage grinding with the treatment 
between stages ; and in others the treatment may be similar to that practised 
at the Valley Forge works. 
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